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1. Neutrino oscillation

The neutrino weak eigenstate is described by neutrino Hamiltonian eigenstates, v,,
v,, and v; and their mixing matrix elements.

3
|Ve> = ZIUei |Vz‘>

The time evolution of neutrino weak eigenstate is written by Hamiltonian mixing matrix
elements and eigenvalues of v,, v,, and v;.

3 .
V.0) =S U |v,)

Then the transition probability from weak eigenstate v, to v, is (no CP violation)

=l 01w, =43 0,000, ()

i>]
So far, model independent
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1. Neutrino oscillation

From here, model dependent formalism.
In the vacuum, 2 neutrino state effective Hamiltonian has a form,

/ meze ij / m12 O \
g |2E 2E|_ cos -—sinf E cosf sinf
A m, om, sinf  cos6 )

m
0 2
\2E 2F 2F

, l=smn@ cosf

Therefore, 2 massive neutrino oscillation model is

2
P (¢) =sin® 20sin( 27
- AFE

Or, conventional form

P _(L/E)=sin’20sin’|1.27Am*(eV?) L(m)
i E(MeV)
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1. Neutrino oscillation

Neutrino oscillation is an interference experiment (cf. double slit experiment)

light source I slit screen

VM ® I
—

If 2 neutrino Hamiltonian eigenstates, v, and v,, have different phase rotation, they cause
quantum interference.
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1. Neutrino oscillation

Neutrino oscillation is an interference experiment (cf. double slit experiment)

U v I .
VM ul 1 Uel

oL

If 2 neutrino Hamiltonian eigenstates, v, and v,, have different phase rotation, they cause
quantum interference.

For massive neutrino model, if v, is heavier than v,, they have different group velocities
hence different phase rotation, thus the superposition of those 2 wave packet no longer
makes same state
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LSND Collaboration,
PRD 64, 112007

1. LSND experiment

LSND experiment at Los Alamos

observed excess of anti-electron o

neutrino events in the anti-muon v, —oEsy +p—>e +n
neutrino beam.

n+p—=d+vy
87.9+22.4+6.0 (3.8.0)
800 MeV proton beam from
0 - LANSCE accelerator L/E~30m/30MeV~1
§ 17.5 "LSND ® Beam Excess
Uél 15 }Signal SEE P,V In ‘ Water target
o E B3 e’ )n
$ 125 } T pEge’) [i@er beamstop
i I 553 other
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0 S

——

04 06 038 1 1.2 14
L/E, (meters/MeV)
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1.

Am* (eV 2)

LSND experiment

3 types of neutrino oscillations are found:

10 — -
i LSND neutrino oscillation: Am2?~1eV/?
LE Atmospheric neutrino oscillation: Am2~10-3eV?
i Solar neutrino oscillation : Am2~10-°eV?
-1
10
§ But we cannot have so many Am?!
2
] Atmospheric
i VvV, —V 2 2 2
0L woox AmM2 # Am2 + Amy,
A
0L Solar MSW o~
: Ve Vx @ I
10'5- | ol ! ©
107 10~ 0" 1 é
sin"20 C| —
— 2
2]
@®©
O .
. &)
We need to test LSND signal £

MiniBooNE experiment is designed to have same L/E~500m/500MeV~1 to test
LSND Am?~1eV?
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1. MiniBooNE experiment

Keep L/E same with LSND, while changing systematics, energy & event signature;
P(v —v. )= sin*20 sin*(1.27Am*L/E)

MiniBooNE is looking for the single isolated electron like events, which is the signature of v, events

oscillation =
v, >V +N —>p+[e]
— oscillation +
Vi >V, +P —>N +E
FNAL Booster target and horn decay region absorber dirt detector

N\

#l
Booster = *
primary beam secondary beam tertiary beam
(protons) i (mesons) i (neutrinos) ;

MiniBooNE has;
- higher energy (~500 MeV) than LSND (~30 MeV)
- longer baseline (~500 m) than LSND (~30 m)
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MiniBooNE collaboration,
PRD79(2009)072002

2. Neutrino beam

MiniBooNE extracts beam
from the 8 GeV Booster

FNAL Booster decay region absorber dirt detector

N\

@
v, — v 227
Booster i u e '
primary beam secondary beam tertiary beam
(protons) i (mesons) . (neutrinos) i
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2. Neutrino beam

Magnetic focusing hor

n

MiniBooNE collaboration,
PRD79(2009)072002

8GeV protons are delivered to
a 1.7 A Be target

within a magnetic horn
(2.5 kV, 174 kA) that
increases the flux by x 6

FNAL Booster

absorber

dirt

detector

N\

Booster

/7

L EREET
EEL
SLRLS
]

v, =, 7

primary beam secondary beam tertiary beam
(protons) ; (mesons) ] (neutrinos) ;
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MiniBooNE collaboration,
PRD79(2009)072002

2. Neutrino beam

_ HARP experiment (CERN) Modeling of meson production is based on the

- measurement done by HARP collaboration.

HARP collaboration,
Eur.Phys.J.C52(2007)29

- Identical, but 5% A Beryllium target
- 8.9 GeV/c proton beam momentum

FNAL Booster target and horn decay region absorber dirt detector

P ——

iy — Y 277
Booster i U € '
primary beam secondary beam tertiary beam
(protons) ; (mesons) ] (neutrinos) ;
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MiniBooNE collaboration,
PRD79(2009)072002

2. Neutrino beam

Modeling of meson production is based on the

—= measurement done by HARP collaboration.

HARP collaboration,

- Identical, but 5% A Beryllium target ~ -UrFnYs-J-C92(2007)29

- 8.9 GeV/c proton beam momentum

Booster neutrino beamline pion kinematic space
450

400
350

HARP kinematic
coverage

L —aial N " || s | g 300
Majority of pions create neutrinos in g 250
MiniBooNE are directly measured by = 200
HARP (>80%)

150
100
Booster 50

primary beam secondary beam OO ! 2 3 4 > 6 7 8

(protons) ’ (mesons) P.. (GeV/c)
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MiniBooNE collaboration,
PRD79(2009)072002

2. Neutrino beam
HARP experiment (CERN)
5 T it

o g 7 Modeling of meson production is based on the
-+ measurement done by HARP collaboration.

HARP collaboration,
Eur.Phys.J.C52(2007)29

gy

- Identical, but 5% A Beryllium target
- 8.9 GeV/c proton beam momentum

HARP data with 8.9 GeV/c
proton beam momentum
mb [ &
UL I 0.12<%4,<0.15
=== HARP data/errs
H 200 b m— SW fit
—— - I : — | "'.-55:::.' " new method
L o : ) ) decayf 100 tor
Majority of pions create neutrinos in q
MiniBooNE are directly measured by 0 T i
HARP (>80%) ‘ : PA(GeV)
Z N P T T .
The error on the HARP data (~7%) directly Tb —
propagates. S A o
The neutrino flux error is the dominant 00w, o 0.18<3,<0.21
source of normalization error for an absolute 200 f
cross section in MiniBooNE, however it 100 B/
doesn't affect oscillation analysis. Cator o v, A
oo p.(GeV)




MiniBooNE collaboration,

PRD79(2009)072002
2. Neutrino beam
% W v, Flux Neutrino flux from simulation by GEANT4
= 10 M v_Flux
= MiniBooNE is the v, (anti v,) appearance oscillation
=5 o experiment, so we need to know the distribution of
Z beam origin v, and anti v, (intrinsic v,)
o
S
é 10
intrinsic v, from u decay 49% 55%
o intrinsic v, from K decay 47% 41%
0 0.5 L L5 2 2:3 3 wrong sign fraction 6% 16%
E, (GeV)
FNAL Booster target and horn decay region absorber dirt detector
Booster
primary beam secondary beam tertiary beam
(protons) i (mesons) i (neutrinos) i
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3. Events in the Detector

FNAL Booster target and horn

primary beam

o

MiniBooNE collaboration,
NIM.A599(2009)28

The MiniBooNE Detector

decay region absorber dirt detector

‘!/ T

secondary beam

‘f‘:"ﬁ:' . VM — YV, 2727

tertiary beam

o

(protons)
10/05/2010

(mesons)

v

(neutrinos)
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MiniBooNE collaboration,
NIM.A599(2009)28

3. Events in the Detector

The MiniBooNE Detector

- 541 meters downstream of target

- 3 meter overburden

- 12 meter diameter sphere
(10 meter “fiducial” volume)

- Filled with 800 t of pure mineral oil (CH,)
(Fiducial volume: 450 t)

- 1280 inner phototubes,

- 240 veto phototubes
Simulated with a GEANT3 Monte Carlo
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MiniBooNE collaboration,
NIM.A599(2009)28

3. Events in the Detector

= // -
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The MiniBooNE Detector
- 541 meters downstream of target
- 3 meter overburden
- 12 meter diameter sphere
(10 meter “fiducial” volume)
l - Filled with 800 t of pure mineral oil (CH,)
| (Fiducial volume: 450 t)
- 1280 inner phototubes,
- 240 veto phototubes
Simulated with a GEANT3 Monte Carlo

|—= ‘\\ \
S\
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MiniBooNE collaboration,

3. Events in the Detector NIM.A599(2009)28

Muons
— Sharp, clear rings

- Long, straight tracks

*Electrons

— Scattered rings

- Multiple scattering

- Radiative processes

*Neutral Pions

— Double rings

- Decays to two photons
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4. Cross section model

Predicted event rates before cuts
(NUANCE Monte Carlo)
Casper, Nucl.Phys.Proc.Suppl.112(2002)161

12000

itrary POT)

10000

CC QE
039%

0
o
o
o

6000

o—weighted N, (arb
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2000

[

\/ B 16% 00 %5 1 158 2 25 3
E, (GeV)
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Event neutrino energy (GeV)
p /T<p
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4. Cross section model

\Y \% i
] ! /\ Predicted event rates before cuts
N “\_ (NUANCE Monte Carlo)
Z /v, I~

Casper, Nucl.Phys.Proc.Suppl.112(2002)161
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4. CCQE event measurement

CCQE (Charged Current Quasi-Elastic) event

v, charged current quasi-elastic (v, CCQE) interaction is the most abundant (~40%)
and the fundamental interaction in MiniBooNE detector

V,+n—=>p+u Vi H
W

v, +"C>X+u)
17 P

MiniBooNE detector
(spherical Cherenkov detector)

muon like Cherenkov
light and subsequent
decayed electron
(Michel electron) like
Cherenkov light are the
signal of CCQE event

Cherenkov 1

e
12C > \

Cherenkov 2

v=-beam

LR
P
(Scintillation)
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4. CCQE event measurement

19.2 us beam trigger window with the 1.6 us spill
Multiple hits within a ~100 ns window form “subevents”

v, CCQE interactions (v+n — u+p) with characteristic two
“subevent” structure from stopped u—v,v.e

Number of tank hits for CCQE event

mofEL ] L L B BN N N
200
180}
160
140}
120
100
80
60
40
20 f\

[ - by o b e Ly . (700 OO R AN 8 FUOU TR W D A S
0O 2000 4000 6000 8000 1000012000140001600018000

10/05/2010 Hit Time (ns) 32

_.

120 ! !

m():—
/ x()f—

o():
40i

20

W ——

oL o J
4500 4550 4600 4650 4700 4750 4800

c

CLill] IIII I llll | HII | Mll llllll IIIIIF

TTTT1 IIII I IIII [ HII [ { ITTTT lll |lll
=




4. CCQE event measurement

All kinematics are specified from 2 observables, muon energy E, and muon
scattering angle 6,

Energy of the neutrino E 9 and 4-momentum transfer Q,%F can be reconstructed
by these 2 observables, under the assumption of CCQE interaction with bound
neutron at rest ("QE assumption”). CCQE is the signal channel of v, candidate.

pos _ 2(M-Ep)E, - (E; -2ME; +m_ + AM?)
) 2[(M-E;)-E, +p,cos0,]
Qg =-m, +2E*(E, -p, cosH)

v,th—=p+u
v, +'C—=>X+u)
V,+n—=>p+e

v +°C—= X +e)
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Smith and Moniz,
Nucl.,Phys.,B43(1972)605

4. Relativistic Fermi Gas (RFG) model

Relativistic Fermi Gas (RFG) Model
Carbon is described by the collection of incoherent Fermi gas particles. All

details come from hadronic tensor.
Ehi

(W) = ff(E,q,W)TMVdE hadronic tensor

Elo

f(E,q,w) : nucleon phase space density function
T, =T, (F,F,,F,,F) : nucleon tensor

F,(Q*)=g,/(1+Q*/M3))* : Axial form factor

Ehi : the highest energy state of nucleon = \/(pi +M?)
(P2 +M2)—(0+EB)

| —_|

Elo : the lowest energy state of nucleon =|x

We tuned following 2 parameters using Q2 distribution by least 2 fit;
M, = effective axial mass
Kk = Pauli blocking parameter
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MiniBooNE collaboration
PRL100(2008)032301

4. CCQE cross section model tuning

The data-MC agreement in Q2 (4-momentum transfer) is not good
We tuned nuclear parameters in Relativistic Fermi Gas model

Q? fits to MB v, CCQE data using the
nuclear parameters:

M, e - effective axial mass
Kk - Pauli Blocking parameter

Relativistic Fermi Gas Model with
tuned parameters describes
v, CCQE data well

This improved nuclear model is used in
v, CCQE model, too.

10/05/2010

Q2 distribution before and after fitting

-
N
(=
(=3
o
III|III|

N
(=4
(=4
o
I[I|II

e data with all errors
--- Ssimulation (before fit)
___simulation (after fit)
backgrounds

co

o

9 1



4. CCQE cross section model tuning

Without knowing flux perfectly, we cannot modify cross section model

R (interaction) « f (flux) x (xs)

Data-MC ratio for T -cos6,, plane, before tuning

coseu

1 12 14 16 18 2
T, (GeV)
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4. CCQE cross section model tuning

Without knowing flux perfectly, we cannot modify cross section model

R(interaction[E,,Q*]) e [ (flux[E, ])x (xs[Q*])

Data-MC mismatching follows Q? lines, not E, lines, therefore we can see the
problem is not the flux prediction, but the cross section model

Data-MC ratio for T -cos6, plane, before tuning
(a) (b) (d)

(© 1.2
0.8 ._1.15
0.6 N,
o+ B/ oyl (a) E,=0.4GeV 1.,
0.2 - (b) E,=0.8GeV '
0 /] (¢c) E,=1.2GeV
0.2 (d) Q*=0.2GeV>
-0.4 S} 1 (e) Q’=0.6GeV>
0.6 () Q*=1.0GeV>
-0.8

02 04 06 08 1 12 14 16 18 2
T, (GeV)
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4. CCQE cross section model tuning

Without knowing flux perfectly, we cannot modify cross section model

R(interaction[E,,Q*]) e [ (flux[E, ])x (xs[Q*])

Data-MC mismatching follows Q? lines, not E, lines, therefore we can see the
problem is not the flux prediction, but the cross section model

Data-MC ratio for T -cos6, plane, before tuning Data-MC ratio for T -cos6, plane,after tuning
1 (@) (b) (c) | (d) .1.2

—1.15

0.6
(a) E,=0.4GeV ' 0.4 14
(b) E,=0.8GeV : 0.2
(¢) E,=1.2GeV 1 —
(d) Q°=0.2GeV? 0.2
(¢) Q’=0.6GeV? 0.4
(f) Q’=1.0GeV> 06
-0.8
1 12 14 16 18 2 0.2 .4 06 0.8 12 14 16 18 2
Tp (GeV) T“ (GeV)
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4. v,CCQE for oscillation blind analysis

> fn—=uv B v, Flux “Intrinsic” v, + v, sources:

(-2 10 " B v Flux wr—e* Vi Ve (52%)

S ¢ Kt = aletv, (29%)

5 K'—=mev, (14%)

":1 0> Other ( 5%)

kS

: SR

g 3

e 10 Since MiniBooNE is blind analysis

experiment, we need to constraint
intrinsic v, background without
measuring directly

u decay v, background is the biggest

0 0.5 1 1.5 2 2.5 3 source of intrinsic v,, we wish to know
E, (GeV) their distribution without measuring
them!

Ve/v, = 0.5%
Antineutrino content: 6%
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4. v,CCQE for oscillation blind analysis

measure v, flux from v, CCQE event to constraint v, background from u decay

v,CCQE is not "blinded” because we know no v, candidate is in data after v,CCQE cut.
Kinematics allows connection to & flux, hence intrinsic v, background from u decay is
constraint. In the really, simultaneous fit of v.CCQE and v, CCQE take care of this.

Ev-En space

Flux /0.1 GeV

Fraction of v

0 0.5 1 L5 2 2.5 3

E, (GeV)
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4. MiniBooNE cross section results

Nulnt09, May18-22, 2009, Sitges, Spain
All talks proceedings are available on online (open access),
http://proceedings.aip.org/proceedings/confproceed/1189.jsp

Nulnt09 MiniBooNE results
In Nulnt09, MiniBooNE had 6 talks and 2 posters

1.

2.

3.

charged current quasielastic (CCQE) cross section measurement

by Teppei Katori, PRD81(2010)092005

neutral current elastic (NCE) cross section measurement

by Denis Perevalov, arXiv:1007.4730

neutral current w° production (NCmxt®) cross section measurement (v and anti-v)
by Colin Anderson, PRD81(2010)013005

. charged current single pion production (CCxt*) cross section measurement

by Mike Wilking, paper in preparation

. charged current single n® production (CCn°) cross section measurement

by Bob Nelson, paper in preparation

. improved CC1x* simulation in NUANCE generator

by Jarek Novak

. CCn*/CCQE cross section ratio measurement

by Steve Linden, PRL103(2009)081801

. anti-vCCQE measurement

by Joe Grange, paper in preparation

10/05/2010 Teppei Katori, MIT 41



4. MiniBooNE cross section results

Nulnt09, May18-22, 2009, Sitges, Spain
All talks proceedings are available on online (open access),
http://proceedings.aip.org/proceedings/confproceed/1189.jsp

Nulnt09 MiniBooNE results

In Nulnt09, MiniBooNE had 6 talks and 2 posters V. +n—p+ M_
1. charged current quasielastic (CCQE) cross section measurement
by Teppei Katori, PRD81(2010)092005 (v +2C = X+ w)
u

2. neutral current elastic (NCE) cross section measure™~nrt

: . . . CCQE double differential cross section
- first double differential cross section measurement d's e mTeeT)

. dT dcosO 77| s MiiniBooNE data (SN, =10.8%)
- observed large absolute cross section N TLAe0%

Dy COMTANUETSOIT, PIXDO 1{ZU TUJU TOUU0 0255 e [ ] MinBooNE data with shape ervor
4. ch 0™ DCrrt) cross oz SEg ek —
« 16F 1 sl T
by E 38 ——
5. ch| © 104 m°) Cross s J—
8 . MiniBooNE data with shape error 01_: iy
by 6¢ MiniBooNE data with total error ] P i‘;% |
. 4= RFG model with M{'=1.03 GeV, =1.000 0.053-" ..is!__.:_:
6_ im 2;— RFG model with M{'=1.35 GeV, k=1.007 generator ] i~:<;-“
by 8.4 06 0.8 1 12 14 16 EVRFG (GeV) N
10-39
7. C( < 16E ment
© 10 +. -+
8. anl 8;_ MiniBooNE data with total error
6 * NOMAD data with total error
b 4E LSND data w,.th m‘te error B
y 2E REC model with MYT=1.35 Gev, o1 007
0=— . ) .
10/05 10" Flux-unfolded total cross section pei Katori, MIT 42




by Denis Perevalov

.
N

4. MiniBooNE cross section results

Nulnt09, May18-22, 2009, Sitges, Spain
All talks proceedings are available on online (open access),
http://proceedings.aip.org/proceedings/confproceed/1189.jsp

e —

Nulnt0O9 MiniBooNE results

In Nulnt09, MiniBooNE had 6 talks and 2 posters

1. charged current quasielastic (CCQE) cross section measurement v 4 p—vV, +p
by Teppei Katori, PRD81(2010)092005 : :

2. neutral current elastic (NCE) cross section measurement v, tn—=v +1n
by Denis Perevalov, arXiv:1007.4730

3. neutral current x° production (NCnt°) cross sectio
by Colin Anderson, PRD81(2010)013005 x10™

Flux-averaged NCE p+n differential cross section

. T . "; . MiniBooNE NCE i ith total
_ highest statistics cross section measurement [0 &4 ] oo N cros-octon vt oo
. . B R = — Monte Carlo NCE-like background
- new As (strange quark spin) extraction method <,
J. LUllidlgceu CUITerlIt sifgic Ji= prouucuort (ULUit™) o 5S %
T

n
o

lIIIIIII|IIII|IIII|IIII|IIIIM'HHJW'H\

by Bob Nelson, paper in preparation
6. improved CC1x* simulation in NUANCE generator ,
by Jarek Novak
7. CCa*/CCQE cross section ratio measurement
by Steve Linden, PRL103(2009)081801 1
8. anti-vCCQE measurement 05
by Joe Grange, paper in preparation T T R L T T
0.2 0.4 0.6 08 1 1.2 1.4 1.
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by Colin Anderson

4. MiniBooNE cross section results

Nulnt09, May18-22, 2009, Sitges, Spain
All talks proceedings are available on online (open access),
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Nulnt0O9 MiniBooNE results
In Nulnt09, MiniBooNE had 6 talks and 2 posters
1. charged current quasielastic (CCQE) cross section measurement

by Teppei Katori, PRD81(2010)092005 | v +N—=v +A° —=>v +N+7°
2. neutral current elastic (NCE) cross section measurement t S

by Denis Perevalov, arXiv:1007.4730 V,+tA—=v +A+m
3. neutral current n° production (NCn°) cross section measurement (v and anti-v)

by Colin Anderson, PRD81(2010)013005 v NC 12” Production Cross Section on CH,

4 —_ S sectio 5 10-' OV + St Err. '
- first differential cross section measurement T 3 e 1
5‘ - observed large absolute cross section section 1= as 1
by Bob Nelson, paper in preparation g;g ?Lgfh S'Lfﬁ;e;‘;';‘_'v‘;mss section +
6. improved CC1x* simulation in NUANCE generator | i
by Jarek Novak § o i
7. CCa*/CCQE cross section ratio measurement o o ,.3 !
by Steve Linden, PRL103(2009)081801 ® e
8. anti-vCCQE measurement T -
by Joe Grange, paper in preparation y —-°—_—_“_ l
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Nulnt0O9 MiniBooNE results

In Nulnt09, MiniBooNE had 6 talks and 2 posters

1. charged current quasielastic (CCQE) cross section measurement
by Teppei Katori, PRD81(2010)092005

2. neutral current elastlc (NCE) cross section measurement

N = ' d o= 4A—=O.0.

(
- flrst double dlfferentlal cross section measurement |V, + p(n) = u+ A Y — u+ p(n) +7

- observed large absolute cross sectlon v, t A— w + A+’
4, charged current smgle plon productlon (CCrxt*) cross section measurement
by Mike Wilking, paper in preparation double differential cross section

5. charged current single w° production (CCx°) cr
by Bob Nelson, paper in preparation

6. improved CC1x* simulation in NUANCE gener
by Jarek Novak

7. CCa*/CCQE cross section ratio measurement :
by Steve Linden, PRL103(2009)081801 02

8. anti-vCCQE measurement 04
by Joe Grange, paper in preparation
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by Bob Nelson

Nulnt09 MiniBooNE results

In Nulnt09, MiniBooNE had 6 talks and 2 posters
1. charged current quasielastic (CCQE) cross section measureme
2.

3.

by Teppei Katori, PRD81(2010)092005

neutral current elastic (NCE) cross section measurement

by Denis Perevalov, arXiv:1007.4730

18_lllllll]lll|||IlllllllllllIIIIIIIIIIIII-
- —— Statistical error ]

16 ;
C . Systematic error

14 |01
o |

12 — NUANCE

- observed large absolute cross secti

- first differential cross section measurement

uremen

%(v" N—p'n®N’) [en?/GeV?/CH,]

on

by I\/I|ke Wilking, paper |n preparatlon

by Bob Nelson, paper in preparation

. improved CC1x* simulation in NUANCE generator

by Jarek Novak

. CCn*/CCQE cross section ratio measu

t|0n me % 02040608 1 12141618 2

Q [GeV]]

\ 7

. charged current single w° production (CCn°®) cross section measurement

CCn° Q2 differential cross section
— s °
vV, +N—=u+A W+p+T

rement

by Steve Linden, PRL103(2009)081801

. anti-vCCQE measurement

by Joe Grange, paper in preparation
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Nulnt0O9 MiniBooNE results

In Nulnt09, MiniBooNE had 6 talks and 2 posters

1. charged current quasielastic (CCQE) cross section measurement
by Teppei Katori, PRD81(2010)092005

2. neutral current elastic (NCE) cross section measurement
by Denis Perevalov, arXiv:1007.4730

3. measurement (v and anti-v)

- state-of-art models are implemented, tested

J .’ . \ 7 . . 1 . . 2 1 . .
4. charged current single pion production (CCx*) cross section measur ][\"A ™ fit with Q Id's”'b“ctl'oln
. - . . Or various nuclear moaeis
by Mike Wilking, paper in preparation 5008 =
i . = POT normalized
5. charged current single w° production (CCmx®) cross 4500} e MiniBooNE (statesyst)
by Bob Nelson, paper in preparation . awooy )i | T oot e S
: + ol ; ; Z ogsoob [N, 0000 | e best fit M, =1.37 GeV and C_ (0)=0.97
6. improved CC1x* simulation in NUANCE generator gl o
by Jarek Novak 3000 [T
y are Ova g 2500': il Best fit values obtained for the new model
7. CCn*/CCQE cross section ratio measurement & " 'H '?fil.+ S e ne Sy
. P . "1
by Steve Linden, PRL103(2009)081801 g 1500} H’—f% PRELIMINARY
8. anti-vCCQE measurement * 1000 “'M*
by Joe Grange, paper in preparation s00f '
10/05/2010 Teppei Katori, MIT % 01 02 03 04 05 06 07 08 08 1
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Nulnt09 MiniBooNE results
In Nulnt09, MiniBooNE had 6 talks and 2 posters

1. charged current quasielastic (CCQE) cross sectior = O MiniBooNE
by Teppei Katori, PRD81(2010)092005 > 18| ... MC I
2. neutral current elastic (NCE) cross section measur g 141
by Denis Perevalov, arXiv:1007.4730 Tzp
3 autral currant 20 nradiiction (NCZ0) cragg caction T': 1;_ I .—{_—h..
- data is presented in theorist friendly style g oal Nias
4. charged current single pion production (CCx*) cros © 0_6; IHT:{I
by Mike Wilking, paper in preparation i LT
5. charged current single w° production (CCmx®) cross °'4? 3‘
by Bob Nelson, paper in preparation 0.21- JE
6. improved CC1x* simulation in NUANCE generator R B i Y
by Jarek Novak E, (GeV)
7. CCn*/CCQE cross section ratio measurement CCnlike/CCQElike cross section ratio

by Steve Linden, PRL103(2009)081801
8. anti-vCCQE measurement
by Joe Grange, paper in preparation
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by Joe Grange

Nulnt09 MiniBooNE results

In

1.

2.

3.

Nulnt09, MiniBooNE had 6 talks and 2 posters

charged current quasielastic (CCQE) cross section measuremei v +p—=n+ M

by Teppei Katori, PRD81(2010)092005

neutral current elastic (NCE) cross section measurement Vu+12C — X+ pﬂ
by Denis Perevalov, arXiv:1007.4730 o

neutral current 7° production (NCx°) cross section measuremen \ Vpt H—n+ u

6.

7.

8.

- CTTargeu CulTerit siigre Jt ProguctolT (GO ) CTUSS S tior zooof

- highest statistics in this channel
- support neutrino mode result ect
- new method to measure neutrino contamination

MC v mode fit,x = 1007, M, = 1.35 With Shape Errer

Hydrogen
Wrong Sign
Non-QE Bkg
Data

2500

by Bob Nelson, paper in preparation

1500 —

improved CC1x* simulation in NUANCE generator :

by Jarek Novak s

CCa*/CCQE cross section ratio measurement 5°°;j,“:__ o

by Steve Linden, PRL103(2009)081801 . m—j: T
anti-vCCQE measurement g (cal)

anti-vCCQE Q2 distribution

by Joe Grange, paper in preparation
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5. Oscillation analysis background summary
475 MeV - 1250 MeV

: v K 94
TBL analysis summary  u 132
- Oscillation analysis uses 475MeV<E<1250MeV noe 62
dirt 17
A—Ny 20
Stacke: backgrounds: other 33
— = XE total 358
n0 LSND best-fit v ,—v, 126
> 145 dirt events
=12 B Ay
*02',' f— o - other
2 0.8;— fiii?zesnﬂ signal
— sin’(26)=0.003

800 1000
reconstructed E  (MeV)

120
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5. Oscillation analysis background summary
475 MeV - 1250 MeV

: VK 94
TBL analysis summary y U 132
- Oscillation analysis uses 475MeV<E<1250MeV noe 62
A resonance rate is constrained from measured CCn®° rate dirt 17
Stacked back ds: A—NY 20
t: 3K ackgrounds: other 33
— e
dirt rate is C RA total 358
measured 16 W o LSND best-fit v ,— v, 126
from dirt \5%: dirt events
data = 1.2 A Ny
sample 2 & : B other v, from u decay is
= £ P ---- LSND best-fit signal constrained from
= Ame12 eV’ v,CCQE measurement
— sin“(26)=0.003 w
- :
800 1000 120 v, from .K decay is
reconstructed E_ (MeV) constrained from
Asymmetric 7° decay is constrained from measured CCn® rate (7°—v) high energy v,
event measurement
10/05/2010 All backgrounds are measured in other data 52

sample and their errors are constrained!




5. Error analysis - Multisim

Input error matrix
keep all correlation
of systematics

Multi-simulation (Multisim) method
many fake experiments (~1000) with
different parameter set give the variation
of correlated systematic errors for each
independent error matrix

The total error matrix is the sum of all
independent error matrix

The total error matrix is used for

oscillation fit to extract the best fit Am?
and sin226.

10/05/2010

"multisim"
nonlinear error propagation

B.P.Roe,
Nucl.,Instrum.,Meth,A570(2007)157

Output error matrix
keep all correlation
of E “E bins

independent

\ 4

Input error matrices

dependent
<€ >

(8 parameters)
(8 parameters)
(7 parameters)
(9 parameters)

nt* production
7 production
K* production
K® production

beam model (8 parameters)
cross section (27 parameters)
n0 yield (9 parameters)
dirt model (1 parameters)

detector model (39 parameters)
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MiniBooNE collaboration,
PRL98(2007)231801

5. The MiniBooNE initial results

J 2 ceclaton « MiniBooNE data
25 i analysis threshold 1o hack 4 The best fit result shows no sign of
- : T expecte a_‘c gr?un' an excess in the analysis region

2 0kL : --- BG + best-fit oscillation (where the LSND signal is
2 Ll — v, background expected from 1 sterile neutrino
= ; 5:_ * ; v, background interpretation)
3 - | ] Visible excess at low E
o 1.0

0.5

P ]
300 600 900 1200 1500 3000

reconstructed E, (MeV)
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MiniBooNE collaboration,
PRL98(2007)231801

5. Excess at low energy region?

. - - : e data - expected background

There is statistically > 0.8 : sttt to Tl

significant excess atlow = -1 5 ---- best-it to 1ull range

energy region. o 0.6 : — sin’(26)=0.004, Am°=1.0 eV?
§ | — sin%(20)=0.2, AmP=0.1 eV?

The low energy excess s 04— [

. . . 0 — —t—

is not consistent with 0 ol

any 2 neutrino massive § =
Q -

0.2 -1 .,
oscillation models. ]l ----- — —
o |

;;;;;;;;;;;;;

300 600 960 1200 1500 3000
reconstructed E, (MeV)

|
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6. Excess at low energy region?

Commonplace idea Bodek, arXiv:0709.4004
Muon bremsstrahlung

Vo + X =K +y+ X
- We studied from our data, and rejected.

MiniBooNE collaboration,
arXiv:0710.3897

Harvey, Hill, Hill,
Standard model, but new PRL99(2007)261601
Anomaly mediated gamma emission
v, + X — v, + X+

- Under study, need to know the coupling constant
- naive approximation, same cross section for v-N
and v-N

10/05/2010 Teppei Katori, MIT
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6. Excess at low energy region? Nelson, Walsh,

Beyond the Standard model (most popular) ; -

New gauge boson production in the beamline _
- can accommodate LSND and MiniBooNE

- solid prediction for anti-neutrinos.

E \HHI‘ T \HHH‘ T \IIIHIl T TTTTI] T \%EHHHI‘ T T
1§ KARMEN 1 LSND 1
10 & ES E
F P(VH%VC) JF E

10 3 - - P(Vp_)ve) E? E

P(vLL —V,)

10°
E (MeV)

10/05/2010

PRD77(2008)033001

MiniBooNE Oscillation Probability at Low Energy

200 L[]

150

0001 0oz 0B 0nos 0008

Lorentz violating oscillation model
- can accommodate LSND and MiniBooNE
- predict low energy excess before MiniBooNE result.

- Under study Kostelecky, TK, Tayloe,
PRD74(2006)105009
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6. Oscillation analysis update

We re-visit all background source, to find any missing components

Photonuclear effect

Low energy gamma can excite nuclei, an additional source to remove one of

gamma ray from NCm°

Photonuclear effect
o hotonuclear
=y —>

>

ATy
f‘})(

Other missing processes, (n-C elastic
scattering, radiative m capture, ©
induced A radiative decay) are negligible
contribution to the background

10/05/2010

—

Cross section (mb

10°
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6. Oscillation analysis update

We re-visit all background source, to find any missing components

New dirt background cut

- “dirt event” is the interaction happens outside of the detector
- mostly po made outside of the detector

- new cut remove 85% of dirt originated backgrounds

10/05/2010 Teppei Katori, MIT
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6. Oscillation analysis update

We re-visit all background source, to find any missing components

New flux prediction error
- external measurement error directly propagates to MiniBooNE analysis, without relying
on the fitting.

New radiative gamma error
- new analysis take account the re-excitation of Delta from struck pion, this increases the
error from 9% to 12%.

New low energy bin
- analysis is extended down to 200MeV

New data set
- additional 0.83E20 POT data.

10/05/2010 Teppei Katori, MIT 61



MiniBooNE collaboration,

. . _ PRL102(2009)101802
6. New oscillation analysis result
> 3
New v, appearance oscillation result 2 E ) v fromy
i =
- low energy excess stays, the original i e = fﬂ“z‘;’
excess in 300-475MeV becomes 3.40 b ¢ — -4
from 3.70 after 1 year reanalysis. 1 Total Background
0.5
- again, the shape is not described by e
any of two neutrino massive oscillation = = M B 7 u “ue 3
models Al

Now, we are ready to test exotic

models, through antineutrino oscillation
data

. data - expected background

sin"26=0.004, A m’=1.0eV?
8in°26=0.2, A m =0.1eV?

Excess Events / MeV
(=]
o
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MiniBooNE collaboration,

. _ _ _ PRL103(2009)111801
/. Antineutrino oscillation result
Many exotic models have some kind N
of predictions in antineutrino mode. ;» =) o Data
; ME Dvélrcmp"‘
. . t = v, from K';
Analysis is quite parallel, because 3 =g Ez‘g'g:f
MiniBooNE doesn’t distinguish e w { =i
and e* or uw and u* on event-by- “: =] other
event basis. . e Syt e

V,+n—=>p+e
L] data - expected background
--------- bes_t-fit ‘\7“—>‘\Te ) -
$in"20=0,004, A m"=1,0eV*
5!n22060.2. Am =0,1eV2

] ®

V,+p—>n+e
Bottom line, we don’t see the low
energy excess.

L 4
.l
——
—e
e~

Excess Events / MeV
o B 2
IIIIIIIIIIII LR llllllllllllllll

I I EP—
e
En—.—q m
Y
[y

3
&
2
i
&
&
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MiniBooNE collaboration,

] ] . _ PRL103(2009)111801
/. Antineutrino oscillation result

Implications "

> =
So many to say about models to 2 wE v Data
explain low energy excess... P = O votromi,

< — v, from K~

§ = 3 v, from K"
- The models based on same NC W { %f_?‘,f,f
cross section for v and anti-v (e.g., ot I din

. ] other

anomaly gamma production) are u i O S — Syst, Error
disfavored. e e —

% e e  data - expected background

. = - r
-The models proportioned to POT = e o best.mv:)_,ve ’
(e.g., physics related to the neutral £ YE ! { s'ni20:0.004. .@_)m"ﬂ.OﬁVg
particles in the beamline) are o R R, G . $in°20=0.2, A nt'=0.1eV"
) o~ ) i — o o
disfavored. g bt t ’ 3 ] ¢
. _ &S aif-

- The models which predict all excess e " "
only in neutrino mode, but not EZE (GeV)

antineutrino are favored, such as
neutrino-only induced excess _ .
Hi theorists! new models are welcome!
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MiniBooNE collaboration,
arXiv:1007.1150

7. New antineutrino oscillation result

- Antineutrino mode is the direct test of LSND signal

- Analysis is limited with statistics
ECTIE  ant cntte e o

- 70% more data

- low level checks have been done
(beam stability, energy scale)

- new dirt event rate measurement
(consistent with neutrino mode)

- new NCn° rate measurement
(consistent with neutrino mode)

- v fraction is measured in anti-v beam

New antineutrino oscillation result
(presented at Neutrino 2010, Athens)
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MiniBooNE collaboration,
arXiv:1007.1150

7. New antineutrino oscillation result

- Antineutrino mode is the direct test of LSND signal
- Analysis is limited with statistics

New antineutino oscilaion fsul. |G B 200 B T

MC (stat+sys) 100.5+14.3 99.1 £13.9 233.8+£22.5
Excess (stat+sys) 18.51+14.3(1.30) 20.9%+13.9(1.50) 43.2+ 22.5(1.90)

- 70% more data

- low level checks have been done
(beam stability, energy scale)

- new dirt event rate measurement

(consistent with neutrino mode) g 065_ S ekt
S CF ) v.f |
- new NCx° rate measurement 2 g = v from K ]
: . : = 3 E
(consistent with neutrino mode) S 05 o 2 from K ]
) . . . 7 misi ]
v fraction is measured in anti-v beam 04 B —— e E
[ other ]
L . Constr. Syst. Error ]
MiniBooNE now see the excess in 0.3 — + [ ]
_li 2 reqion! ]
LSND-like Am? region! 0.2 - E
—1_1
0.1 — E
1] +
0'00.2. . .0.4. . -0.6. . .0.8 1.0 1.2 1.4 3.0

ESE (GeV)
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7. New antineutrino oscillation result

- Antineutrino mode is the direct test of LSND signal

- Analysis is limited with statistics _—
New antineutrino oscillation result _-_

- 70% more data

- low level checks have been done

(beam stability, energy scale)

- new dirt event rate measurement =~ = 0.30

(consistent with neutrino mode) =0.25
- new NCx° rate measurement § 0.20
(consistent with neutrino mode) w
- v fraction is measured in anti-v beam & 0.15
L 0.10
MiniBooNE now see the excess in 0.05
_li 2 ion!
LSND-like Am? region! 0.00
-0.05

- flatness test (model independent test)

shows statistically significance of signal. -0-10,

MiniBooNE collaboration,
arXiv:1007.1150

l

p— I - Data - expected background .

—

—

Background subtracted data

_{,_

NIIII||IIII[IIIIIII|[II1|IIII|II|I|IIII|

ol
h.

ol
m.
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MiniBooNE collaboration,
arXiv:1007.1150

7. New antineutrino oscillation result

- Antineutrino mode is the direct test of LSND signal

SAnabsisislimiedwitstatisties - peorett aterft
New antineutrino oscillation result _-___

-70% more data NE102 F TTTTT L] B B B I R =
- low level checks have been done < — 90% CL
(beam stability, energy scale) — 95% CL

—— 99% CL

- new dirt event rate measurement
(consistent with neutrino mode) 10 L
- new NCn° rate measurement i
(consistent with neutrino mode) N S
- v fraction is measured in anti-v beam [ oo 7

E>475 MeV

------ KARMEN2 90% CL

o

MiniBooNE now see the excess in
LSND-like Am? region!
- flatness test (model independent test)

shows statistically significance of signdP™ Best ft point

Am? = 0.064eV?

- EILSND 90% CL 1290 = 0.96
2 massive neutrino model is favored over} sin :
99.4% than null hypothesis | [Jusnooonce
102 b T IR
10/05/2010 69
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MiniBooNE collaboration,
PRL103(2009)061802

8. Neutrino disappearance oscillation result

v, and anti-v, disappearance oscillation 102
- test is done by shape-only fit for data and N
MC with massive neutrino oscillation model. 10
3E
- MiniBooNE can test unexplored region by €[
past experiments, especially there is no tests ‘“1 |
. . . = MiniBooNE v, 90% CL sensitivity
for antineutrino disappearance between = __ MiniBooNE v, 90% CL limit =
o_ 2 - 2 -+ best fit: (17.50, 0.16) with 32 of 12.72, f(nun) of 17.78°
Am==10eV*< and atmospheric Am< . - 590%CL excluded, CDHS
@@ 20%CL excluded, CCFR
1071 e
10
T E
2r
«E B
<
1=
E . MiniBooNE ¥, 90% CL sensitivity
~— _— MiniBooNE v, 90% CL limit
n i‘*bestﬁt (31 30 0.96) with x? of 5.43, x*(null) of 10.29
- QO%CL exduded CCFR
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8. Neutrino disappearance oscillation result
I\_AiniBooNEﬁjﬂrﬁa}%‘ﬁu | SciBooNEZAL\Z TR

24000F

— Total err.

L . Flux + X-sec. err.

I ~— MiniBooNE det. err|

%

MiniBooNE-SciBooNE combined v,
disappearance oscillation analysis

- combined analysis with SciBooNE
can constrain Flux+Xsec error.
Flux-> same beam line
Xsec->same target (carbon)

0020466 08 1 12 14 16 18
Reconstructed E (GeV)

00 02 04 06 08 1 12 14 16 18
Reconstructed E, (GeV)

Scintillator tracker

Muon range detector
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8. Neutrino disappearance oscillation result

MiniBooNE-SciBooNE combined v,
disappearance oscillation analysis

- combined analysis with SciBooNE
can constrain Flux+Xsec error.
Flux-> same beam line
Xsec->same target (carbon)

- this significantly improves
sensitivities, especially at low Am2. An
analysis for anti-v, is ongoing.

8 GeV
proton

A m? [eV?]
L i
I

.
-
P‘.
L

undm&wm:lmw
_____________ i""'""k"SEc'BNE'TI;hﬁBEiaﬁIEW%TI'E'""HE"I’"""
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. Outlook
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9. MiniBooNE oscillation result summary

Neutrino mode analysis

- no excess is observed in the energy region where excess is expected from LSND
- significant excess is observed in low energy region

Antineutrino mode analysis
- small excess is observed in low energy region
- LSND consistent excess is observed in the oscillation energy region

These results are not main interest of
Neutrino community (this is not 6,5 nor leptonic CP

violation nor Majorana mass measurement). 0 000 MiniBooNE-LSND comparison in L/E
J LU v v v v v v v 5
There | cina th cal model * LSND
ere is no conylncmgt eoretical model to — 0015 o MB ¥ mode ]
solve all mysteries. =
. 0010F : ] ]
. 1= :
Is MiniBooNE wrong? = —+— J :
0.005 + %_—0— A
*— :
0.000 ‘ 'l 1++++ #_ .
00 E 0% 0% 10 12 14 16 175 26
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MiniBooNE collaboration,
PRD81(2010)092005

9. MiniBooNE CCQE absolute cross section
CCAQE total cross section from MiniBooNE

MiniBooNE observed 30% higher neutrino cross section from RFG model with world
averaged nuclear parameter from all past precise bubble chamber experiments.

When we first published this, we got so many criticism. Even a theorist claimed
“MiniBooNE overestimate cross section!”

...but there is a turning point...

x10™

<« 16

£ 145 (a) I I

= 12 I

[ . R T

g MiniBooNE data with shape error
’ ——as—— MiniBooNE data with total error
4= RFG model with M{"=1.03 GeV, x=1.000
2 RFG model with .\"lf}'=l.35 GeV, k=1.007
1 1

406 08 1 12 14 IE?E:RIFGI (GéV)
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9. MiniBooNE CCQE absolute cross section

CCQE total cross section from MiniBooNE and RPA model

Martini et al

Martini et al.,
PRC80(2009)065501

Martini et al published their new RPA calculation result. They took into account the
detail of nucleon emission channel (np-nh effect) and they explained MiniBooNE data.

Suddenly, many theorists start to appreciate this discovery by MiniBooNE.

So why all past experiments couldn’t find this?

Quasielastic

LN DL L L L DL L L L L L L |

®  MiniBooNE
— QE+np-nh
-— QE

M 14
AU e
‘Frl‘f)g?f W — [

(QE) Flor i
© H 2 s -
O :

Two Nucleons / T o s
knock-out \\“ o s i
(ZP-Zh) 0 2 —_ -

I N Pl TR T R DR T DR TN BT B

0 0.1 0.2 03 04 0.5 :O.G‘CV(]).T 0.8 09 1 1.1 1.2
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Martini et al

9. MiniBooNE CCQE absolute cross section

CCQE total cross section from MiniBooNE and RPA model ~ Martini etal.,
PRC80(2009)065501

Martini et al published their new RPA calculation result. They took into account the
detail of nucleon emission channel (np-nh effect) and they explained MiniBooNE data.

Suddenly, many theorists start to appreciate this discovery by MiniBooNE.

So why all past experiments couldn’t find this?

. 16 T T T T T T : . . . . .
There is a tendency for people to measure and S L AL A L AL NN BN RN B
discover what is predicted 1| [ MiniBooNE

— QE+np-nh
-— QE

Phys. Rev. DXX, (19XX)

The distribution of events in neutrino energy for
the 3C vd —u " pp; events is shown in Fig. 4 to-
gether with the quasielastic cross section i
o(vn—pu~p) calculated using the standard V —A4 N
theory with M, =1.05+0.05 GeV and M, =0.84 sH If your neutrino flux is normalized to |

2
cm )
=

;

GIA-Z) [107

GeV. The absolute cross sections for the CC in- “known” cross section, you would find

teractions have been measured using the quasielas- “known” cross section by experiment!

tic events and its known cross section.* o L E—— I
0 0.1 0.2 03 04 0.5 0.6 0.7 0.8 09 1 1.1 1.2
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9. MiniBooNE CCQE absolute cross section

We shouldn’t do this kind of mistake.

Many of MiniBooNE result are unexpected, and unexplained. But that cannot be a reason
to be wrong. Remember, how much our naive assumptions were correct for what we call
now standard neutrino model.

(Neutrino 2006, Murayama)

Solar neutrino oscillation solution is SMA, because it's pretty

-> Wrong, LMA is the right solution

Natural scale of neutrino mass is ~10-100eV? because it's cosmologically interesting
-> Wrong, much smaller

Atmospheric mixing should be small like CKM matrix element V_~0.04, cannot be large
-> Wrong, much larger

Neutrino physics keep surprising us, so does MiniBooNE!

10/05/2010 Teppei Katori, MIT 79



9. MiniBooNE future plan

We continue to take data until March 2012 (approved),

then we will double the statistics and expect 3o excess in
antineutrino mode. We are putting a proposal for 15E20

extension.

10/05/2010

Teppei Katori, MIT
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scintillation from

9. MicroBooNE

TPB (wave length shifter)
coated acrylic plate

Liquid Argon TPC experiment at Fermilab

- 70 ton fiducial volume LigAr TPC

- R&D detector for future large LigAr TPC for DUSEL
- 3D tracker (modern bubble chamber)

- data taking will start from 2013(?)

- dE/dx can separate single electron from gamma ray (e*e- pair)

Energy loss in the first 2.4cm of track: 250 MeV e, vs 250 MeV y
0.16 MicroBooNE COR

o € liquid Argon TPC

0.12

01
- -
008 € €
0.06
0.04

0.02

%5 1 15 2 25 3 T3z Ta
MiPs
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BooNE collaboratlon

. University of Alabama
. Bucknell University
. University of €incinnati’
Umversrty of Colorado

Los Alamos Natlonal Laboratory

Louisiana State Unrversrty
Massachusetts [nstitute of Technology
University of Michigan * Nk

- Columbia Umversrty : . ) Pri on Universit
Embry Riddle Aeronautical University . r‘[/l Y

Fermi National ACceIerator Laboratory
. Indiana Un|ver3|ty :
" University of Florida

SaiftViary's Unrversrt‘y of Minnesota
‘ Vrrglnra' Polyteqhnlo Instltute
' Yale University .
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4. NCm° rate tuning

NCm° (neutral current wt° production)
The signal of v, candidate is a single isolated electron

Ve + 11 — p +C P NE— X " % Lya—‘ ¢ 050
T ey "‘—r,__\:.:;—: e a &

- single electromagnetic shower is the potential/ba’{"fi(grohnd/ =
- the notable background is Neutral current m>produetion” |

Because of kinematics, one always has tHé pos ;ﬁlltyto\wﬂs/s/n
gamma ray, and hence this reaction looks! like signal~~_ * / / ¢

MiniBooNE NCa°
candidate




4. NCm° rate tuning

NCm° (neutral current wt° production)
The signal of v, candidate is a single isolated electron

Ve + 11 — p +C P NE— X " % Lya—‘ ¢ 050
T ey "‘—r,__\:.:;—: e a &

- single electromagnetic shower is the potential/ba’{"fi(grohnd/ =
- the notable background is Neutral current m>produetion” |

Because of kinematics, one always has tHé pos ;ﬁlltyto\wﬂs/s/n
gamma ray, and hence this reaction looks! like signal~~_ * / / ¢

Asymmetric decay

MiniBooNE NCa°
candidate




4. NCm° rate tuning

We tuned NCx° rate from our NCm°© Data-Mc comparison of n° kinematics (after tuning)
measurement. Since loss of gamma ray is  ciww: 5 Lo
pure kinematic effect, after tuning we have =10 ! ’;ﬂl‘fMCF M 1200
. .y . . . ‘2 1900 — ku 1t E 7° 19.5% Coherent
a precise prediction for intrinsic NCr° 3 2% Resonant 1000 |- el o
o 1000 |— - T
background for v, appearance search. B g0k - go"ife"‘ . 800 [
£ - acKgroun o
600 f_ 600 :— "
5 18000F 400 F- 400
= 16000 .{ N ook
= l4000:—J[ -} ~+ Raw Monte Carlo 200 :ﬁ r
- - = L1 i T P S ——
%12000:— -t  Corrected Data * o1 0.2 03 0.4 % 02 0.4 0.6
2 - {' GeV/c® GeV
5 10000 - - Yy Mass E (1-cos 0))
oy 8000;— s
6000 —
2000E- . Resonance Coherent
o
w00 = v+ N—=v +N+1° v +A—=v +A+n°
0‘ L1 | H’_E| 1 M M H u
0 0.5 1 L.5

0 GeV/c
7 Momentum

MiniBooNE collaboration
PLB664(2008)41
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3. Stability of running

Events per 1e15 POT vs Week

x2S ndf 74.50 f 54
Pl 1.091

_ Full v Run

*°F @ T I
0.7 2105
os [ §1o‘
05 § s T T TS
=10
Observed and 10

expected events
per minute

10/05/2010

0 1 2 3 4

# Observed
m Predicted

6 7 8 9

number of neutrinos candidates in minute



4. Calibration source

Muon tracker
and scintillation
cube system

10/05/2010

Laser flask
system

-2
10k
@ late-pulsing
c
@
O i .
< _3| dark noise reflections
=10 Tk
ko]
8
] scattering (tail)
Q pre-pulsing
—4
0k
F N
on
! Cl

Lo o0 PR TR T TN TN T T SN N
—40 —20 8] 20 40 &0 80 100
corrected time (ns)
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4. Calibration source

g

:‘i !
— INln:—

15% i f}
E resolution J‘ k

1000 ,‘P *l
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5. Blind analysis V,+n—>p+e
v +°C—=X+e)

The MiniBooNE signal is small but relatively easy to isolate

The data is described in n-dimensional space;

>
=
®
CCQE |
veto hits
& v, candidate
< (closed box)

The data is classified into "box". For boxes to be "opened" to analysis they must be
shown to have a signal < 1o. In the end, 99% of the data were available

(boxes need not to be exclusive set)
90
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5. Blind analysis

(2) measure high energy v, events to constraint
v, background from K decay

At high energies, above “signal range” v, and
“v, -like” events are largely due to kaon decay

Flux /0.1 GeV

Fraction of v

10/05/2010

] Vy Flux
B v, Flux

—— >
K— u1

v events
Dominatea

by Kaon

decay
0.5 1 L.5 2 2.5 3
E, (GeV)

Teppei Katori, MIT

awn Ny

veto hits

example of open boxes;
-v,CCQE

- high energy event

- CCm*

- NC elastics

-NC n°

- NC electron scattering
- Michel electron
etc....
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5. MiniBooNE oscillation analysis structure

Beam Flux

Prediction
Start with a GEANT4 flux prediction for the v
spectrum from ©t and K produced at the target ¢
Predict v interactions using NUANCE neutrino x’ﬁjﬁ:f"
interaction generator ¢
Pass final state particles to GEANT3 to model detector
particle and light propagation in the tank model
Starting with event reconstruction, independent “BDT” /\ “TBL”
analyses form: (1) Track Based Likelihood (TBL) P Track Based
and (2) Boosted Decision Tree (BDT) Recon Recon
Develop particle ID/cuts to separate signal from ¢ ¢
background Boosting Likelihood

_ o Particle ID Particle ID

Fit reconstructed E, %€ spectrum for oscillations \L \L

Simultaneous | | Pre-Normalize
Fittov, & v, tov,;Fitv,
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»
»

. o
5. Multisim o cross section
ex) cross section uncertainties g Parameter space
3
M ,QE 6%
£ s 2%(: ] correlated
lo
QE o norm  10% uncorrelated

L 2%

Input cross section error matrix

var(M ,) coviM ,.E,) 0)
Minput (xs)=[cov(M ,,E,,) var(E ) 0
O O var(o — norm)

cross section error for E, QF

A 1st cross section model
2" cross section model
3" cross section model repeat this exercise many times to

create smooth error matrix for E @F

>
n, Ny, Ny Ny, Ny Ng n; ng  E Y (GeV)

10/05/2010 Teppei Katori, MIT
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»

o o
5. Multisim o cross section
ex) cross section uncertainties o Pparameter space
3
M, QE 6%
E, s 20, ] correlated
QE onorm  10% uncorrelated Ma,
12
Input cross section error matrix
var(M ,) coviM ,.E,) 0)
Minput (xs)=[cov(M ,,E,.) var(E ) 0
O O var(O —norm)

cross section error for E QF

A 1st cross section model
2" cross section model
3" cross section model repeat this exercise many times to

create smooth error matrix for E @F

>
n, Ny, Ny Ny, Ny Ng n; ng  E Y (GeV)
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5. Multisim

Output cross section error matrix for E 9&

1 S
I:Moutput (Xs)]ij ~ S E (Nf (xs) — NM© )(Nf (xs)— Nlj\/lc)

k

( var(n,) cov(n,,n,) cov(n,,n;) ---)

M (xs) cov(n;,n,)  var(n,) cov(n,,n;)
XS) =
output cov(n,,n;) cov(n,,n;) var(n,)
L z T

cross section error for E “&

A 18t cross section model Oscillation analysis use output error matrix
2nd cross section model for 2 fit:

rd i
3" cross section model %2 = (data - MO)T (M,)"! (data - MC)

>
E
n, Ny, Ny Ny, Ny Ng n; ng  E Y (GeV)
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5. Multisim

ex) cross section uncertainties

M, QE 6%

E.S 2% determined from
QE o norm  10% MiniBooNE
QE o shape function of E, v, QE data
ve/v, QE 6 function of E, |

NC n°rate  function of ® mom determined from
M,ch, coh o +25% MiniBooNE

A — Nyrate function of y mom + 7% BF v, NC n® data
Es, Pr 9 MeV, 30 MeV

As . 10? determined
MANn 250/0 from other
Ma 40% experiments
DIS o 25%

etc...

10/05/2010
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5. Oscillation analysis background summary

We have two categories of backgrounds:

Vi mis-id 13% 6%

intrinsic v,

132 37%

10/05/2010 Teppei Katori, MIT
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/. Multisim

Error Matrix Elements:

E, —E(N — NMC N - NMC) 1

Correlations between
E,QF bins from
the optical model:

* N is number of events passing cuts
*MC is standard monte carlo

* o represents a given multisim

* M is the total number of multisims
e i,j are E 2F bins

Ve BDT

Total error matrix
1s sum from each source.

Y
u

TB: v_-only total error matrix
BDT: v -v, total error matrix

10/05/2010 T Ve Xy



6. CCQE double differential cross section

Flux-integrated double differential cross section (T -cost)

This is the most complete

information about
| . & em¥Gev)
neutrino cross section dT dcosb,
based on muon kinematic A0
measurement. 25
20 .
The error shown here is -
shape error, a total 1
normalization error 103 5
(ON1=10.7%) is 5_5 d
separated. .
0
NEY
%) 94, 9
e XN
09/20/2010 Teppei Katori, MIT

s MiniBooNE data (3N=10.7%)

MiniBooNE data with shape error

16 18 2
1 T“(Gev)
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. Paradigm shift in neutrino cross section!?

Theoretical approaches for the large cross section and harder Q2 spectrum

RPA formalism
SRC+MEC

Martini et al.,PRC80(2009)065501

Carlson et al.,PRC65(2002)024002

Martini et al

The presence of a polarization cloud (tensor interaction) surrounding a nucleon in the
nuclear medium contribute large 2p-2h interaction. Since MiniBooNE counts multi
nucleon emission as CCQE, 2p-2h interaction is counted as CCQE and it enhances

CCQE more than 40%.

16

Quasielastic

(QE)

cm |
)

-3 2

QE+np-nh and MiniBooNE data

U

Two Nucleons — : 6
knock-out \\.. o i
(2p-2h) ®
06/30/2010 Teppei Katori, | 0

L DL L DL L L L DL L L L L

8 MiniBooNE
— QE+np-nh
-— QE

pp——
- -
R
-




Martini et al

6. Paradigm shift in neutrino cross section!?

Theoretical approaches for the large cross section and harder Q2 spectrum

RPAformalism  \artin et al., PRC80(2009)065501
SRC+MEC Carlson et al.,PRC65(2002)024002

- One can test the detail of this model with the double differential cross section.

- The role of np-nh interaction is smaller to antineutrino channel.
- Sept. 30 11:00am (CDT), video lecture by Martini (510.883.7860 ID 8577368#)

. . . P T T T T T T T T T ]
np-nh double differential cross section & (| ® MiniBooNE 12 !
© - — - QE bare V -+ C
& ) % 10H--- QERPA W o g rt
—L20 __(cm’/GeV S [|— QE+np-nhbare U i
dT dcosb, ) —  tf|— QE#npnhRPA| ~ [ A—7 7 .
9 3 sk N
x 10- g [\,] or ’ 4
g r np-nh 7 < r e (a) .
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6. Paradigm shift in neutrino cross section!?

Theoretical approaches for the large cross section and harder Q2 spectrum

RPAformalism  martini et al. PRC80(2009)065501
SRC+MEC Carlson et al.,PRC65(2002)024002

Transverse response is enhanced by presence of short range correlation (SRC) and 2-
body current (meson exchange current, MEC).

Euclidian response of eﬂ;“He (lg|=600MeV/c)
e i ‘ ‘rvvvvvv-v-vrﬁf—'—v—f—r—r—.‘—'—r—ﬁ

l_ i} Y T T T l Y T T I T
=

Longitudinal | R - Transverse
X & 1+2 body | [ 1+2 body
[ 1 body 1 15— 1 body -
i data * 1 | data ]
Bl 1; o - + 3
! :
¢r— + — 1
[ { ]
- R
I o o &
2L_ L iv-’ ' iy —""l,’].r: ]
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Jon Link, Nov. 18, 2005
Fermilab Wine & &heese seminar

VOLUME 23, NUMBER 11

1 JUNE 1981

Quasielastic neutrino scattering: A measurement of the weak nucleon axial-vector form factor

N. J. Baker, A. M. Cnops,* P. L. Connolly, S. A. Kahn, H. G. Kirk, M. J. Murtagh, R. B. Palmer, N. P. Samios, and

6(\ - M. Tanaka
) Brookhaven National Laboratory, Upton, New York 11973
\{:(\(b % o (Received 12 February 1981)
‘OO 6 ,ﬁé quasielastic reaction v, n—u ~p was studied in an experiment using the BNL 7-foot deuterium bubble chamber
@ ?‘ C}c\posed to the wide-band neutrino beam with an average energy of 1.6 GeV. A total of 1138 quasielastic events in
\O\Q the momentum-transfer range Q° = 0.06 -3.00 (GeV/c)? were selected by kinematic fitting and particle
\SO identification and were used to extract the axial-vector form factor F,(Q? from the Q7 distribution. In the
\2 framework of the conventional ¥ — 4 theory, we find that the dipole parametrization is favored over the monopole.
%’Oq’ The value of the axial-vector mass M, in the dipole parametrization is 1.07%0.06 GeV, which is in good agreement
A with both recent neutrino and electroproduction experiments. In addition, the standard assumptions of conserved

vector current and no second-class currents are checked.

We have used a maximum likelihood method to
extract M, from the shape of the @2 distribution
- for each observed neutrino energy. This likeli-

They didn’t even try to determine
their v flux from pion production

hood function ¢! is independent of the shape of the and beam dynamics.

neutrino spectrum...

In subsequent cross section
analyses the theoretical ("known”)
quas-ielastic cross section and
observed quasi-elastic events

Phys. Rev. D 25, 617 (1982)

The distribution of events in neutrino energy for
the 3C vd —u " pp, events is shown in Fig. 4 to-
gether with the quasielastic cross section
o(vih—u~p) calculated using the standard V —4
theory with M, =1.05+0.05 GeV and M, =0.84
GeV. The absolute cross sections for the CC in-

were used to determine the flux. . . [gractions have been measured using the quasielas-

tic events and its known cross section.



Jon Link, Nov. 18, 2005

VorLuMg 49. NUMBER 2 PHYSICA
Fermilab Wine & Cheese seminar

(| REVIEW LETTERS 12 JuLy 1982

\
(0‘06 Neutrino Flux and Total Charged-Current Cross Sections

\\’50 C}\@ in High-Energy Neutrino-Deuterium Interactions
Z
Qe‘ \SQ‘O\ T. Kitagaki, S. Tanaka, H. Yuta, K. Abe, K, Hasegawa, A. Yamaguchi, K, Tamai,
N2 T. Hayashino, Y. Ohtani, and H. Hayano
63‘(\'0% Tohoku University, Sendai 980, Japan
\ 102""[""[""[""

To obtain the total cross section from the num-
ber of events, the neutrino flux has to be meas-
ured on an absolute scale. In this analysis, we
determine the neutrino flux using 362 quasielastic
events identified in our data'® and the cross sec-
tion for reaction (2) derived from the V —A theo-
ry.

Again, they use QE events and theoretical
cross section to calculate the v.

When they try to get the flux from meson (1
and K) production and decay kinematics
they fail miserably for E <30 GeV.

09/20/2010 Teppei Katori, MIT

—
T
N, L
N
3 1
S
,
I
-

" [EVENTS/(107 cm? GeV)]
S

¢
3
"
|
|

1L

4 SR S S U S S S
10O 50 100

Ey (GeV)

FIG. 2. Neutrino flux distribution obtained from the
quasielastic events and the predicted cross section with
M, =1.05 GeV. The solid curve is obtained from the
best fit to the flux data for £,> 30 GeV. The %ﬁhed
curve is taken from the Monte Carlo simulation of the
flux.
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Jon Link, Nov. 18, 2005
Fermilab*Win&& Cheese semindr-{ME 3 NUMBER | 1JULY 1986

Determination of the neutrino fluxes in the Brookhaven wide-band beams

L. A. Ahrens, S. H. Aronson, P. L. Connolly,* B. G. Gibbard, M. J. Murtagh, S. J. Murtagh,’
S. Terada, and D. H. White

QQQ Physics Department, Brookhaven National Laboratory, Upton, New York 11973
o
‘(\
00 6‘5 (8\0‘ The beam calculations described here were based on
S v &% the Grote, Hagedom, and Ranft (GHR) (Ref. 11) pa-
6%0 rametrization; that of Sanford and Wang was used for
09\ comparison. An estimate was made of pion production

W by reinteracting protons guided by the shape of the ob-
served v, spectrum and the observed angular distribution
of muons from quasielastic events. The procedure is

described'? in the Appendix.

The Procedure

*Pion production cross sections in some low momentum bins are
scaled up by 18 to 79%.

* The K*to 11* ratio is increased by 25%.
 Overall neutrino (anti-neutrino) flux is increased by 10% (30%).

All driven by the neutrino events observed in the detector!

09/20/2010 Teppei Katori, MIT
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Jon Link, Nov. 18, 2005

PH ( I RL\H VQLUMEI16, NUMBER 11 1 DECEMBER 1977
Fermﬂab Wlne & éheese seminar

S o& Study of neutrino interactions in hydrogen and deuterium:
CB ption of the experiment and study of the reaction v+ d —p+ p + p, T
sh,* J. Campbell,’ G. Charlton,® Y. Cho, M. Derrick, R. Engelmann,' L. G. Hyman, D. Jankowski,

?SQ A.\;&ann,“ B. Musgrave, P. Schreiner, P. F. Schultz, R. Singer, M. Szczekowski,** T. Wangler, and H. Yuta'"
% Argonne National Laboratory, Argonne, Illinois 60439

Flux derived from pion production data. Were able to test assumptions about

the form of the cross section using absolute rate and shape information.
TABLE IV. Results of axial-form-factor fits.

Likelihood function MRiPke (Gev) MMoropole (Gev) Mirrole (Gev)
Rate 0.7520:13 0.45%)-1 0.9623-17
Shape 1.010 £0.09 0.56+0.08 1.32+0.11
Rate and shape 0.95 £0.09 0.52+0.08 1.254+0.11
Flux independent 0.95 +0.09 0.53 £0.08 1.25+0.11

 Pion production measured in ZGS beams were used in this analysis
* A very careful job was done to normalize the beam.

* Yet they have a 25% inconsistency between the axial mass they measure
considering only rate information verses considering only spectral information.

Interpretation: Their

eppei

normalization is wrong.
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0-2. NCE cross section in MiniBooNE

V,+P =V, +D

%
VM+II VM+II

NCE measurement and As

s ) ) ) i . MiniBooNE collaboration,
By definition, longitudinally polarized quark functions are normalized ,/xiv:-1007 4730

with axial vector nucleon matrix element.

1 -
fO dx<N | UYMYSU - dYMYSd - §YHYSS | N>=<N | _GA(Q2 )YMYST3 + G'SA\ (Q2 )YMYS | N>

Then, strange quark spin contribution in the nucleon (called As) gives simple
connection of DIS and elastic scattering world.

[ 01 dxAs(x) = As = G, (Q* = 0)

Since As is the Q2=0 limit of isoscalar axial vector form factor, it can be accessed by
NCE scattering measurement.

However, measured As in HERMES semi-inclusive DIS measurement (~0) and

BNLE734 neutrino NCE measurement (~0.15) don’t agree within their errors (so
there is a great interest for the precise NCE measurement!).
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by Denis Perevalov

0-2. NCE cross section in MiniBooNE

Flux-averaged NCE p+n differential cross section

Measured cross
section agree with
BNLE734.

Intrinsic background
prediction is also
provided.

NCE data also prefer a

controversial high M,
value.
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by Colin Anderson

0-3. NCmt° cross section in MiniBooNE

\/M+N%\IM+AO %VM+N+7|:°
VM+A%\/M+A+J‘EO

Sy

v, candidate after 5 yrs MiniBooNE collaboration,
at T2K (sin%20,,=0.1) PRD81(2010)013005
P NCm° as a background of oscillation
’ all events n° is notoriously known intrinsic misID of v, appearance
» | all backgrounds | (~0,5) search long baseline neutrino oscillation experiments.
“t }l (v, and v, bkgds) ] So we need to understand kinematics carefully.

5 v, backgrounds | ilati . .
1[ 1l (ftﬁainlygNCnO) ; v, —2EN .y +tn—p+e—e-like (signal)

: J[HH ijr : vy +N—=v +N+ n’ — vy +X% e-like (v, background)

5 4 45 5
Reconsiructed Ex{GeV)

NCr° event definition

NCr° event is defined as NC interaction with one xt° exiting nuclei and no other mesons.
- This definition includes w° production by final state interactions (FSIs).

- This definition excludes NCn° interaction when x° is lost by FSis.

This is the necessary definition for the theorists to understand final state interactions

(FSls) without biases.



by Colin Anderson

0-3. NCmn° cross section in MiniBooNE

NCr° differential cross section

- Measurement is done both v and anti-v mode.

- This is the first measurement of NCx° production differential cross section.
- Theoretical model under-predicts nearly factor 2

-----------------------------

—— Monte Carlo

)

Data (a)

cm?
GeaV/c-nucleon

dojdp,e (

Py (Gev/c)

GiBUU vs MiniBooNE
Tina Leitner, PhD thesis

% > | no FS'I -
2 : full —
g [ + ‘ full, butonly A -

2 1.5 ¢ , coherent e
o [ ,}_-{: MiniBooNE +e—
& s A - NC v on CH, |
ke [ "\ ‘

T ' MiniBooNE flux |
3

<

09/20/2010 Teppei Katori, MIT 110



by Mike Wilking

0-4. CCn* cross section in MiniBooNE
v, +p(n) —u+A"" -u+pn)+x’
V,+A—=u+A+m’

CCx* event as a background of CCQE events :
CCr* event without pion is the intrinsic background for CCQE in Super-K. MiniBooNE collaboration,
Therefore we need a good understanding of CCxr* kinematics comparing PaPer in preparation
with CCQE for a better energy reconstruction (= better oscillation measurement).

mis-reconstruction of neutrino energy by
misunderstanding of CCxt* events spoils
v, disappearance signals

o
6 T2K collabo.

Sin%20,,

1 lllllll

s

200 b T2K collabo. Reconstructed
- 2 178 df neutrino energy
-1 Ll at far detector
1 0 « 128 2 .
s 100 = =) 2 B 'ﬁ;“-_ﬁ_?
E 75 it iy

Z =0
25

J[ Amzm

1 lllllll

) os 1 15 2 258 3
L 11l l L 1 1l l L 1 1 I L1 1 I GeV

0 0.5 1 1.5 2

Reconstructed neutrino energy (GeV)




by Mike Wilking
0-4. CCn* cross section in MiniBooNE

CCn* cross section

- After the cut, there is ~48,000 events with 90%
purity, and correct pion/muon identification rate is 0.08
88%.

- data is higher than Rein-Sehgal model prediction
(M,=1.1GeV) over 20%. 004

006

002

||||||||||'|ll|lll|l||||L
j‘z

CH2 Target

Following 8 cross sections are measured.
-o(E,) :total cross section with function of E,
- do/dQ? : differential cross section of Q2

- d20/dT /dcos,, : double differential cross section of ii
muon kinematics

- d?0/dT_/dcos6,, : double differential cross section of
pion kinematics

1000 1200 1400 1600 1300 2000
Neutrino Energy (MsV)
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by Bob Nelson
0-5. CCn° cross section in MiniBooNE e

+ (¢}
V,+tn—=u+A —u+p+m

CCmr° event
- There is no coherent contribution.

- There are only ~5% total and swamped by other CC channels. MiniBooNE collaboration,
paper in preparation

CCmpe differential cross section

39

- invariant mass of 2 gammas show m°® mass peak E, 181(|l|q||n|n||n||n|||||||||||||||||||n_
- Muoq ID.rate is >80% .at n°® mass peak. O 16:— —— Statistical error -
- data is higher than Rein-Sehgal model predlctlou; - . .
(M,=1.1GeV) over 50% T af Systematic error
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by Jarek Novak
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0-6. Improved CCax* simulation

Improved CCx* prediction

All recent improvements are integrated in MiniBooNE simulation, including,
- muon mass correction,

- state-of-arts form factors

M, fit with Q? distribution 5000 — e ———
The 3 different fits in Q2 are performed, 45005 v— MinBooNE (statesyst)
1. M, fit with Q%>0.2 P i best fit M, =1.17 GeV
1. . . ‘ F best fit M, =1.15 GeV and coh = 0.04
2. M,'"-coherent fraction simultaneous £ st | e best ft My=1.37 GeV and C*(0)=0.97
fit ‘é s000F Rein-Sehgal, M, =1.1 GeV
1 5 i i = 1
;t‘ﬁ_; 2500 g-f. | with BRS (muon mass), new G, and C;A
~ 2000 e,
g 1500 PRELIMINARY
® 1000}
500
0 ||

0 01 02 03 04 05 06 07 08 098 1
2
reconstructed Q° (GeV")
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0-7. CCa*/CCQE cross section ratio

CCn*/CCQE cross section ratio measurement
There is a complication for systematic error analysis, because
CCQE is the background in CCxt* sample, and CCx* is the background in CCQE sample.
As is same with other pion production analysis, we emphasize that the FSls are not
corrected. We corrected it only when we want to compare with other experimental data.

CCnrtlike/CCQElike cross section ratio

r.‘-like/ 0 CCQE-ike

Occ

MiniBooNE
MC

- e o e
- N & 0O ©
|

°© o o
b O ®

o
N

o2~
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by Steve Linden

L § P,

MiniBooNE collaboration,
PRL103(2009)081801

CCa*/CCQE cross section ratio
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0-8. anti-vCCQE measurement
vV, +p—=n+u’

v+ C—X+u'

v+ H—=n+u = 3
MiniBooNE collaboration,

anti-vCCQE measurement is more complicated! paper in preparation

Comparing with vCCQE, anti-vCCQE measurement is more difficult,

1. lower cross section

2. lower neutrino flux

3. higher wrong sign background

4. hydrogen scattering

5. no data-based CCrx background tuning is possible (nuclear - capture)

The preliminary result also support high M, value in data-MC Q? shape-only
camtinvexixatn Q2 with world averaged M, anti-vCCQE Q? with new M, extracted from vCCQE

MC v mode fit, x = 1007, M, = 1.35 With Shape Error
3500 .
3000 Wrong Sign

-+ Non-QF Bkg
2500 j . Data
w0 B

1500 — -
~

=
500 L

e

MC World Values, x = 1,000, M, = 1.02 With Shape Error

Hydregen Hydrogen

Wrong Sign
Non-QE Bkg

Data
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by everyone

0-9. Nulnt09 conclusions

All talks proceedings are available on online (open access),
http://proceedings.aip.org/proceedings/confproceed/1189.isp

Some realizations from Nulnt09
1. Neutrino cross section measurements are the urgent program, mainly, because of their
relationship with neutrino oscillation measurements.
2. Importance to use the better models for neutrino interaction generators
3. Importance to provide data with the form available for theorists, this includes,
i) detector efficiency is corrected
ii) free from reconstruction biases (data as a function of measured quantities)
iii) free from model dependent background subtraction

Nakamura
KEUT

e.g.) MC comparison of double ;
differential cross section of NCx° s
production with Ev=0.5GeV, angle=60°
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